A CMOS camera-based imaging photoplethysmography (PPG) system has been previously demonstrated for the contactless measurement of skin blood perfusion over a wide tissue area. An improved system with a more sensitive CCD camera and a multi-wavelength RCLED ring light source was developed to measure blood perfusion from the human face. The signals acquired by the PPG imaging system were compared to signals captured concurrently from a conventional PPG finger probe. Experimental results from eight subjects demonstrate that the camera-based PPG imaging technique is able to measure pulse rate and blood perfusion.
INTRODUCTION
The application of optical technology in medicine and biology has a long and distinguished history. Since the 18th century, the microscope has been an indispensable tool of biologists [1] . Pulse oximetry one of the most popular applications of Photoplethysmography (PPG) which was devised in the 1930's [2] , measures oxygen saturation in blood by taking the ratio of light absorbed at two different wavelengths. With the invention of the laser in the early 1960's, physicians gained a new surgical instrument [3] . The past few years have seen considerable advances in understanding light propagation in tissue, resulting in the development of tomographic techniques, shifting from conventional medical optical methods into imaging and tomography.
PPG imaging is one of the emerging medical imaging modalities. The purpose of any new medical technology is to help clinicians reach a decision fast and accurately, to relieve patients from pain and to reduce morbidity and mortality. PPG imaging can provide information about both the tissue structure and the perfusion state of the tissue. It has great potential towards remote sensing, reducing the physical restrictions and cabling associated with patient monitoring. It can also provide benefits in removing potentially injurious wires from magnetic resonance imaging (MRI) machines [4] and avoiding the time-consuming scanning of laser Doppler perfusion imaging (LDPI) [5] .
The feasibility of the camera-based PPG system has been previously demonstrated by means of blood perfusion visualization [6, 7] . A previous research report [8] presents a remote reflection-mode CMOS camera-based system with a ring light of similar wavelengths (660 and 840 nm) capturing "heart cycle-related" pulsatile variations. However, simultaneous two-wavelength image acquisition was not achieved, and the arterial pulsation signal was too weak to be recognized. Other previous research [9] shows a camera-based system capable of capturing PPG waveforms at two different wavelengths simultaneously using a matrix of LEDs for illumination. This paper presents a non-contact camerabased system with a two-wavelength RCLED (resonant cavity LED) ring light source, capable of capturing clear PPG waveforms at two different wavelengths (650nm and 870nm) from the human face. This study compares the performance of PPG imaging with respect to conventional contact PPG, and the results show the capability of the system to obtain quality PPG waveforms for monitoring the pulse rate from the human face. 
Instrumentation
The PPG imaging system as shown in Fig. 1 employs a CCD camera (C10000-201, Hamamatsu, Japan) with a maximum resolution of 2048x128 pixels (pixel size 12μm 2 ). The pixels are encoded using 12 bits, providing a high digitization resolution (4096 intensity levels). The camera was connected to a personal computer (PC) via a Camera Link ® frame grabber PCI card (Inspecta-5, Mikrotron GmbH) and the streamed frames were recorded in a custom-designed LabView virtual instrument (National Instruments Corp., USA). An industry-standard F-Mount zoom lens (focal length: 50mm, f/1.8D, AF Nikkor, Japan) was attached to the camera and depending upon the settings, it was possible to observe arbitrary areas of the skin surface, from a few square millimeters to several square centimeters. The camera was mounted on an optical bench with the lens positioned approximately 13 cm away from the human face under investigation.
A custom built dual-wavelength RCLED ring light source (λ 1 : 650 nm, λ 2 :870 nm) with a parabolic reflector (DIA: 18cm, O.L: 6.5cm) to provide collimated and uniform light, was mounted around the camera lens. The ring light consisted of 20 RCLEDs-10 with a peak wavelength of 650 nm (TRC650SMD0603, WelTek Co. Ltd., Taiwan), each emitting 1.0 mW power at a forward current (I f ) of 20mA, and 10 with a peak wavelength of 870 nm (TRC870SMD0603, WelTek Co. Ltd., Taiwan) emitting 1.3 mW power at I f =20mA individually. The arrangement of the RCLEDs is shown in the lower inset of Fig. 1 . A control circuit with a microcontroller (PIC16F876A, MicroChip Inc., USA) alternately powered each wavelength group of RCLEDs, such that the light output duration for each wavelength was constant. The relative illumination timings are illustrated in the upper inset of Fig. 1 , where the camera was triggered every time there was a switch of wavelength. The frame rate was set at 30 fps (15 fps for each wavelength) that was sufficient to recover the shape of the PPG arterial waveforms. 
Signal processing
The captured frames were processed off-line in Labview (National Instruments Corp., USA) and Matlab (The MathWorks Inc., USA), and the 12-bit pixel values for each frame were saved as two Matlab 3-D matrices in the format of rows ╳ columns ╳ frame number, for each wavelength.
For the off-line processing, different regions of interest (ROI) can be chosen to investigate the spatial variation of blood perfusion variations. The average value of all pixels in each ROI box was tracked from frame to frame as depicted in Fig.  2 . This process was performed for both frame sequences.
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After filtering-out noise and extraction of the DC component from the captured PPG waveform, a typical PPG AC pulsatile signal was derived in the time and frequency domains. 
Experimental protocol
Eight healthy subjects (3 females, 5 males) participated in this study and the experimental protocol was performed in a dark room. The subjects were requested to seat in an upright position with their head resting on a bench with the eyes closed during the length of the experiment. A conventional transmission mode pulse oximetry probe (P861RA, ViaMed, UK) connected to a PPG board (DISCO4 PPG system, Dialog Devices Ltd, UK) was attached to the subjects' right index finger. The camera with the integrated ring light was positioned 13 cm from the face and focused on the subjects' forehead. The camera was configured to capture 300 frames at a resolution of 2048x128 pixels. A trigger signal was sent simultaneously to the camera system and the PPG board, initiating a 10s data acquisition in both systems.
RESULTS AND DISCUSSION

Extraction of PPG waveforms
The results of one subject from the remote PPG imaging system and conventional contact PPG system are presented in the time domain in Fig. 3 and in the frequency domain in Fig.4 . It needs attention that signals correspond to the received light intensity rather than the absorbed light intensity, which would be directly proportional to the peripheral arterial pressure wave form. Referring to the signals from the remote imaging system, the systolic peaks and diastolic troughs are comparable to the contact PPG waveform and can adequately detect the dichrotic notch. The mean penetration depth for 650nm is about 600um reaching to the papillary plexus layer and 1100um for 870nm to the dermis layer [10, 11] . Originated from the same heart beat, different shape and amplitude of the non-contact PPG pulsation signals are observed from the outputs illuminated by two different wavelength 650nm and 870nm. These phenomena indicate the different penetration depths depending on the emitter wavelength, and also the distinct blood microcirculation at various vascular layers and areas in tissue. Fig. 3 . The PPG signals from the conventional contact PPG imaging system and non-contact PPG system at 650nm and 870nm in time domain. Fig. 4 . The PPG signals from the conventional contact PPG imaging system and non-contact PPG system at 650nm and 870nm in frequency domain.
Measurement of pulse rate in time domain
In healthy subjects, the pulses of PPG waveform can provide an accurate measurement of heart rate. The pulse rate from the PPG imaging and contact PPG signals were compared to each other and a correlation coefficient was extracted to assess the level of agreement between the devices. Fig. 5 shows a scatter plot of the pulse rate measurement from the contact device versus the measurement from the non-contact device. The pulse rate was calculated from the mean duration t p of pulse-to-pulse intervals, i.e. pulse rate=60*1/ t p , for the contact and non-contact PPG signals of each subject. The contact and non-contact 870 nm measurements are plotted as circles, and the 650 nm measurements as crosses. The regression line y=0.9333x+5.222 is plotted in Fig.5 , showing a high correlation (r 2 =0.9322) between the contact and non-contact devices, while a small offset is evident from the regression line equation. The non-contact method overestimates slightly the pulse rate. 
Measurement of pulse rate in frequency domain
Fig . 6 shows a Bland-Altman plot of the two methods, by comparing the frequency difference of cardiac component between PPG imaging and contact PPG, versus the mean frequency resulting from the two methods of measurement. Again data pertaining to 870 nm are represented by circles and 650 nm by crosses. The Bland-Altman plot [12] is a popular method of assessing the level of agreement between a tested clinical device and a second device used as a gold standard.
A visual inspection of the plot enables us to identify the type and level of error by comparison to the true value of the variable of interest. The fundamental frequency of the cardiac cycle was extracted from the Fourier spectra separately for the contact and non-contact PPG signals. The mean frequency difference between the two techniques is -0.00125 Hz and the standard deviation (SD) is 0.03336 Hz. Assuming that the mean difference is normally distributed, the 95% confidence interval can be calculated as ±1.96 SD, which means that pulse rate from PPG imaging might 3.8725 beats/minute above or 4.0226 beats/minute below the contact PPG. The insignificant mean difference means that the two methods can be used interchangeably for the measurement of pulse rate. 
CONCLUSIONS
The PPG imaging technique presented in this paper performs comparably with a conventional contact device for pulse rate measurements and as a PPG waveform acquisition system. Although the camera is more susceptible to ambient light and motion artifact than a conventional contact probe, the potential of a non-contact imaging system to measure pulse rate and display PPG waveforms by non-contact means is only limited by the current configuration of the system. Such a device may not directly compete with conventional routine bedside monitoring devices or for ambulatory monitoring, but would most likely find applications in specialized areas such as wound surface diagnosis, arterial pulse transit time (PTT) measurement, or in conjunction with other modalities such as optical coherent tomography (OCT). Based on the capability of the PPG imaging to capture PPG waveforms using a multi-wavelength illuminator over a larger area, the 3-D mapping of blood microcirculation by non-contact means is also in prospect.
With the introduction of the microelectronic programmable architectures, the above imaging PPG signal processing will be implemented by the means of a high-performance real-time signal processing system [13] developed with a hybrid methodology of electronic system level (ESL) and register transfer level (RTL), targeted for intensive biomedical image processing to explicate physiological and pathological phenomena.
